IMPORTANCE Cardiovascular disease (CVD) is a leading cause of death among patients with end-stage renal disease (ESRD). Young adult (ages 22-29 years) have risks for ESRD-associated CVD that may vary from other ages.
C ardiovascular disease (CVD) is a leading cause of morbidity and mortality in children and adults with endstage renal disease (ESRD). 1 In adults 45 years or older, 87% have CVD reported at the time of ESRD onset, and approximately 50% of deaths are attributed to CVD. 2 In children with ESRD, mortality is attributed to CVD in 23% of children in the United States and up to 50% in other countries. 3, 4 While early investigations provide insight into the CVDassociated health status of children and adults with ESRD, they do not adequately describe the burden of CVD in young adults (ages 22-29 years) with ESRD. Over the last decade, research has shown that young adults exhibit distinct characteristics in the incidence and prevalence of chronic illnesses. These individuals experience unique challenges as they transition into adulthood, with potential lapses in medical care, psychosocial maturation, and transition from student to employee status, which may affect health outcomes. Recognizing the unique epidemiology of this population, the US Renal Data System Annual Data Report has recently begun to report surveillance data specific to the young adult ESRD population. 2 This report shows that young adults with incident ESRD in the United States form a unique population that has different disease cause of ESRD, comorbidities, pre-ESRD kidney disease duration, and health outcomes than older adults and children. 5, 6 To improve the outcomes of these patients, it is critical to understand the contributions of potentially modifiable risk factors such as CVD.
In this work, we have sought to improve understanding of CVD morbidity and mortality in young adults with incident ESRD with the goal of informing the development of ageappropriate ESRD treatment and patient management strategies. We hypothesized that young adult-onset disease would be associated with higher CVD hospitalizations and mortality compared with children and adolescents. Furthermore, we hypothesized that young adult-onset disease would be associated with a different set of risk factors than childhood-onset disease.
Methods
This study was conducted as part of the US Renal Data System Coordinating Center contract with the National Institutes of Health. This study was conducted as a part of the US Renal Data System Coordinating Center contract with the National Institutes of Health and was approved by the University of Michigan institutional review board. Patient consent was not required because of the use of deidentified data.
Population and Data Source
Data were obtained from the US Renal Data System for all patients aged 1 to 29 years who started renal replacement therapy for ESRD between January 1, 2003, and December 31, 2013, including data available from the Centers for Medicaid and Medicare Services (CMS) Medical Evidence Form (form 2728). Hospitalization data were obtained from CMS claims data. Death information was obtained via CMS ESRD Death Notification Forms (form 2746).
Definitions
Based on age at ESRD incidence, the study population was categorized into young adults (aged 22-29 years), adolescents (12-21 years), and children (1-11 years), respectively. Hospitalizations for CVD were identified via International Classification of Diseases, Ninth Revision discharge codes (eTable 1 in the Supplement). 7 Cause of CVD death was defined by the CMS ESRD Death Notification Form (eTable 2 in the Supplement). 
Outcome Measures and Statistical Analysis
The primary outcomes were CVD hospitalization and CVD mortality. We computed 1-year, 3-year, and 5-year CVD hospitalization and CVD mortality rates adjusted by sex, race, ethnicity, and primary cause of ESRD. To allow for comparisons across other reported estimates, adjustments as described by Pickle and White 11 and currently in use by the US Renal Data System Annual Data Report 12 were used for computed rates with 2010-2011 as reference years. Trends of 5-year adjusted CVD hospitalization rates were also evaluated. An adjusted, modified Poisson model was fit to determine the risk of CVD hospitalizations in young adults, compared with patients who were aged 1 to 11 years and 12 to 21 years at ESRD onset. 13 Modeling was also performed via the proportional rates model as a sensitivity analysis with similar results. 14 We report the more conservative Poisson model results. Proportional hazards models were
Key Points
Question Do young adults with incident end-stage renal disease (ESRD) have different risks for cardiovascular disease than patients in younger age groups?
Findings In this population-based cohort study, young adults with incident ESRD have a 1-year cardiovascular hospitalization rate and 5-year mortality probability higher than those of children and adolescents with incident ESRD. Their risk of hospitalization and mortality owing to cardiovascular disease is more comparable with older adults than children.
Meaning Per this analysis, young adults with incident ESRD have cardiovascular disease risks and outcomes that differ from other age groups, suggesting a need for age-appropriate research and management strategies.
fitted to make covariate-adjusted comparisons of CVD mortality risk for young adults, adolescents, and children. 15 Specifically, to account for competing risks, we modeled the causespecific hazard of CVD death using Cox regression. The cumulative incidence of CVD mortality was estimated nonparametrically by integrating the cause-specific hazards of CVD and non-CVD death; confidence intervals were computed as derived by Lin. 16, 17 Unadjusted, demographic-adjusted, and final adjusted models are presented for CVD hospitalization and CVD mortality. Final models were adjusted for patient age at ESRD onset, sex, race, year of ESRD onset, type of renal replacement therapy at ESRD onset, pre-ESRD nephrology care, insurance status at ESRD onset, cause of ESRD, and pre-ESRD history and comorbidities (ie, heart failure, coronary artery and cardiac disease, other vascular disease, hypertension, and diabetes). The CVD mortality model includes patient BMI categories at ESRD onset. Body mass index was not found to be significant in CVD hospitalization model. Owing to missing BMI data (2%), multiple imputation was used.
Given the inherent differences in the age groups, interactions between age and all variables, including cause of ESRD, were evaluated. Patients were followed up until they died, were lost to follow-up, recovered, or survived to the end of the study period (December 31, 2014). All analyses were conducted using SAS version 9.4 (SAS Institute). Data analysis occurred from May 2016 and December 2017.
Results
The study population included 33 156 patients with incident ESRD aged 1 to 29 years (eFigure in the Supplement). The incident ESRD study population included 20 245 young adults, 10 024 adolescents, and 2887 children. Of the study population of 33 156 individuals, 5357 (16.2%) died, 1195 (3.6%) were lost to follow-up, 2247 (6.8%) recovered, and 24 357 (73.4%) survived to the end of the study period. Demographic data are provided in Table 1 . Young adults had the highest percentage of patients who were black, the lowest proportion of those with private insurance, the highest proportion uninsured, high rates of being overweight or obese, and were least likely to have received pre-ESRD nephrology care.
Most young adults had a cause of ESRD other than glomerulonephritis or congenital, hereditary, or cystic diseases. 
Cardiovascular Hospitalization
In the 5 years after ESRD onset, the adjusted CVD hospitalization rate for young adults remained high and stable (Figure 1) , converging with rising rates in adolescents. Rates in children remained low and stable over the follow-up period. The adjusted CVD hospitalization rates for young adults were 138 (95% CI, 121-159) at 1 year, 147 (95% CI, 134-162) at 3 years, and 146 (95% CI, 134-160) per 1000 patient-years at 5 years. These rates were significantly higher than the CVD hospitalization rates for adolescents of 74 (95% CI, 55-100), 102 (95% CI, 85-122), and 116 (95% CI, 98-137) per 1000 patient-years at 1, 3, and 5 years, respectively. The rates of CVD hospitalization for children were 48 (95% CI, 21-117), 37 (95% CI, 18-79), and 33 (95% CI, 14-78) per 1000 patient-years at 1, 3, and 5 years, respectively. Common causes of CVD hospitalization over 5 years in young adults included heart failure, coronary artery disease, arrhythmias, and valvular heart disease.
Hemodialysis 
Cardiovascular Mortality
The proportion of all-cause death observed among the study population was 16.2% (n = 5357), with CVD mortality accounting for 37.7% of the total deaths (n = 2019). Of these, CVD accounted for 1577 of 4038 young adult deaths (39.1%). The 5-year mortality cumulative incidence attributable to CVD causes relative to all-cause mortality was 7.3% in young adults, 4.0% in adolescents, and 1.7% in children ( Figure 2 ). The rates of CVD mortality in young adults at 1, 3, and 5 years were significantly higher at 11 (95% CI, 8-14), 37 (95% CI, 27-47) and 70 (95% CI, 50-91) per 1000 patient-years compared with 8 (95% CI, 5-11), 29 (95% CI, 19-39), and 65 (95% CI, 40-89) per 1000 patient-years in adolescents and 10 (95% CI, 4-17), 22 (95% CI, 8-35), and 42 (95% CI, 9-74) per 1000 patient-years in children, respectively.
Unadjusted and adjusted proportional hazards for CVD mortality are presented in 
Discussion
We analyzed CVD morbidity and mortality in young adults with ESRD in a 10-year incident cohort of US patients. Young adults had a significantly higher CVD burden with higher 1-year, 3-year, and 5-year CVD hospitalization rates and a higher 5-year CVD mortality probability than younger age groups with ESRD. Based on these results, young adults with incident ESRD had a 143 to 500 times higher risk for CVD mortality than the agematched general population. 18 We show that young adults began ESRD care with a higher burden of preexisting CVD and CVD risk factors, which may present a target for earlier intervention to improve outcomes. To improve outcomes in young adults, a crucial first step is to delineate the morbidity and mortality relative to children and older adults. This study shows that the young adult population has distinct CVD-associated outcomes. The 1-year CVD hospitalization rates were incrementally higher among older age groups than among children, adolescents, and young adults with ESRD. These rates were lower than published 1-year CVD hospitalization rates among adults with ESRD (400 per 1000 patient-years).
2 A different pattern was seen concerning CVD mortality. Low 1-year CVD mortality rates were observed for children, adolescents, and young adults compared with the much higher published 1-year CVD mortality rate for adults with ESRD of 79 per 1000 patient-years. 19 In comparison, the rates of overall mortality attributed to CVD in the general population are less than 2.2 per 100 000 population for patients younger than 25 years, 7.7 for those aged 25 to 34 years, and 16.7 for the overall US adult population. 18 These differences demonstrate the profound nature of CVD affecting young adults with ESRD.
This study also highlights the substantial effect of CVD, with 37.7% of total deaths attributed to CVD causes in patients with ESRD who had started renal replacement therapy between ages 1 and 29 years. Previous studies have only evaluated young adults with ESRD onset as children, reporting CVD mortality between 40% and 54%. 3, 4, 20 The current analysis expands on previously published data by explicitly evaluating those with incident ESRD between 20 and 29 years of age, in whom 39% of deaths resulted from CVD. These findings suggest a similar proportion of CVD death in young adults with incident ESRD compared with the previously published findings in cohorts of adult survivors of childhood-onset ESRD. This is despite the presumably longer ESRD course and its associated CVD risks for childhood-onset patients. Differences in comorbidities, ESRD cause by age, pre-ESRD care, and subsequent ESRD management associated with ESRD onset in young adults requires additional study. Several longitudinal trends in age-associated CVD hospitalization rates and mortality were observed. The rate of CVD hospitalization for children remained low over the course of 5 years relative to those of adolescents and young adults. This persistently low CVD hospitalization rate may have been because of the low prevalence of preceding CVD risk factors, CVD history, and (potentially) the short duration of kidney disease prior to ESRD. 5 The convergence of the adolescent and young adult hospitalization rates may suggest a threshold pre-ESRD duration with kidney disease or a differential burden of other preexisting CVD risk factors. It may also reflect a period of vulnerability during age and health care transitions. Multivariable analysis showed that preexisting coronary artery and cardiac disease, diabetes, and heart failure were associated with higher CVD hospitalizations and mortality, consistent with previous literature. 21 Furthermore, we showed that the causes of ESRD might be linked to higher risk of CVD morbidity and mortality. In this study, glomerular diseases were associated with adolescent or young adult ESRD onset and a higher risk of CVD morbidity. It is possible that glomerular diseases increase systemic inflammation and thereby contribute to a higher CVD burden. 22 This study suggests that these populations may benefit from greater attention to cardiovascular health and disease by clinicians and scientists focused on improving health outcomes. We identified additional risk factors that may contribute to age-associated differences in CVD hospitalization and mortality, including black race and the type of renal replacement therapy at ESRD onset. The proportion of patients who were black in the comparison groups was higher with age. Although CVD mortality has not previously been investigated in young adults with incident ESRD, the association between black race and risk of CVD mortality is consistent with studies of all-cause mortality in children. 23 However, these results contrast with studies that consistently show a 45% lower risk of all-cause mortality while on dialysis among black American adults compared with white American adults. 24 Some have reported that overall lower survival in black children with ESRD may be explained by disparities in transplants. 25 To our knowledge, the literature does not include evaluations of this population for CVD morbidity and mortality; however, in this study, black race remained a risk for CVD mortality independent Abbreviations: ESRD, end-stage renal disease; NA, not applicable.
a Adjusted for age at ESRD onset, sex, and race.
b Adjusted for patient age at ESRD onset, sex, race, year of ESRD onset, type of renal replacement therapy at ESRD onset, pre-ESRD nephrology care, insurance status at ESRD onset, ESRD causative mechanism, and pre-ESRD history or comorbidities (ie, heart failure, coronary artery and cardiac disease, other vascular disease, hypertension, and diabetes).
Research Original Investigation
We did not have access to genotyping data, which may, in future studies, help illuminate any potential contribution to this excess risk in black Americans based on genetic risks. 26, 27 The differential use of type of renal replacement therapy by age at ESRD onset may also play a role in CVD hospitalization and mortality. Initiation of ESRD care with transplant was lower with increasing age in this study, including only 5.6% of young adults. The multivariate analysis provides evidence consistent with prior publications in that initiation of renal replacement therapy with dialysis was a strong risk factor for subsequent CVD hospitalization and death. 1, 28 Providing health care that enables preemptive transplant for young adult patients may therefore help improve these outcomes. Lack of private insurance at ESRD onset was associated with higher risk of CVD hospitalization in this study. Young adults had the lowest private insurance coverage (7256 of 20 245 [37.2%]) and were the highest proportion of patients without insurance (4796 of 20 245 [23.7%]). The percentage of uninsured patients in the general US population is 13% for adults (18-64 years old) and 5% for children, while the percentage of public insurance is 20% in adults and 40% in children.
29, 30 Lack of adequate insurance prior to ESRD onset implies limited access to pre-ESRD care, with concomitant risks of delayed diagnosis and insufficient opportunity to provide optimal management during times of less severe kidney disease. In this study, lack of pre-ESRD nephrology care was associated with increased mortality, further highlighting importance of access to care. In another study, children and adults with ESRD had 3.6-times higher odds of having at least 12 months of pre-ESRD nephrology care if the patient had insurance coverage and had lower mortality with longer pre-ESRD care. 31 Additionally, adults with Medicaid or no insurance have been shown to be less likely to receive early nephrology care, be waitlisted for transplant within 1 year of ESRD onset, and receive a transplant within 1 year of ESRD onset. 32 This second study reported that adults in states with broader Medicaid coverage had a lower incidence of ESRD and fewer gaps in insurance coverage. This study found no difference in survival for patients with elevated BMI, in contrast with the well-documented obesity paradox in adult ESRD. 33 These results are more consistent with the pediatric literature. 34 In the setting of pediatric ESRD, low BMI may be considered a marker of poor nutritional status and has been shown to be associated with increased mortality in other conditions. 35, 36 Children with decreasing BMI have increased risk of developing ESRD. 37 Low BMI at ESRD onset was associated with increased CVD mortality in this study. This may suggest cardiovascular benefit of pre-ESRD nephrology care and the access to nutritional support that it would imply. Strengths of this study are its sample size, national database, and linked hospitalization data.
Limitations
We do acknowledge limitations. This study did not include patients with ESRD onset before age 1 year or adults older than 29 years. Given inherent limitations of the data set, not all potential risk factors were available for analysis. This study was limited by lack of access to data on the use of antihypertensive or lipid-lowering medications and detailed information regarding pre-ESRD management. Our evaluation of cause, comorbidity, and cause of death has acknowledged limitations common to all studies using administrative health care data. Specifically, reported ESRD causative processes can be subject to misclassification, which has been noted in previous studies. a Adjusted for age and cause of ESRD with interaction, sex, and race.
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b Adjusted for patient age at ESRD onset, sex, race, year of ESRD onset, BMI, type of renal replacement therapy at ESRD onset, pre-ESRD nephrology care, insurance status at ESRD onset, ESRD causative mechanism, and pre-ESRD history or comorbidities (ie, heart failure, coronary artery and cardiac disease, other vascular disease, hypertension, and diabetes).
c Age comparisons presented were stratified by cause of ESRD because of significant interaction (P < .001) between age and cause of ESRD.
Conclusions
Young adults form a unique population that share features of both adult and pediatric ESRD, requiring specialized clinical and research attention to improve outcomes. Cardiovascular diseases mortality accounts for almost 40% of all deaths in patients with ESRD, beginning in young adulthood, and is up to 500 times the rates documented in the general population. 18 Potentially modifiable risk factors for this young adult population may include optimizing health care for the underlying kidney disease and other coexisting conditions before the onset of ESRD and increasing access to preemptive transplant. Both modifiable and nonmodifiable risk factors, including race and sex, provide additional opportunities to explore the genetic, biologic, environmental, and social determinants of the observed differential CVD mortality. These findings provide the basis for continued rigorous evaluation of CVD disease in young adults with incident ESRD. Identified modifiable risk factors may also be future targets for interventions. Together, these steps may lead to improved implementation of age-appropriate treatment and patient management strategies and overall cardiovascular health of this unique population.
